and is robust against timing impairments [3] . Unfortunately, it We evaluate the performance of an IEEE 802.15.4a ultra-wide is less robust to interference than a coherent receiver. Indeed, band (UWB) physical layer, with an energy-detection receiver, in it cannot take advantage of the full diversity offered by the the presence of multi-user interference (MUI). A complete packet ultra-wide band channel. based system is considered. We take into account packet detection and timing acquisition, the estimation of the power delay profile Our objective in this paper is to evaluate the performance of the channel, and the recovery of the encoded payload. Energy of a complete IEEE 802.15.4a IR-UWB physical layer imdetectors are known to have a low implementation complexity plementation with an energy-detector receiver and multi-user and to allow for avoiding the complex channel estimation needed interference (MUI) by a Rake receiver. However, our results show that MUI severely i ce (ue)s degrades the performance of the energy detection receiver, even MUI occurs due to concurrent packet transmissions. The at low traffic rate. We demonstrate that using an IEEE 802.15.4a mandatory medium access control (MAC) protocol in the IEEE compliant energy detection receiver significantly diminishes one 801.15.4a amendment is Aloha (without any form of clear of the most appealing benefits of UWB, namely its robustness channel assessment). In such a case, concurrent transmissions to MUI and thus the possibility to allow parallel transmissions. We further find that timing acquisition and data decoding both equally suffer from MUI.
ce (ue)s degrades the performance of the energy detection receiver, even MUI occurs due to concurrent packet transmissions. The at low traffic rate. We demonstrate that using an IEEE 802.15.4a mandatory medium access control (MAC) protocol in the IEEE compliant energy detection receiver significantly diminishes one 801.15.4a amendment is Aloha (without any form of clear of the most appealing benefits of UWB, namely its robustness channel assessment). In such a case, concurrent transmissions to MUI and thus the possibility to allow parallel transmissions. We further find that timing acquisition and data decoding both equally suffer from MUI.
justified by the potential robustness of UWB to interference and by the infrequent nature of transmissions. In this paper we show that the former is not necessarily true for an energy I. INTRODUCTION detection receiver. We find that an 802.15.4a compliant energy The IEEE 802.15.4 standard targets low data rate wireless detection receiver only shows a very limited capture effect. Its networks with extensive battery life and very low complexity. performance is quite close to a case where packets are lost Its current physical layer is based on a narrowband radio, if several transmissions are active concurrently. In a near-far operating in the unlicensed ISM band at 2.4 GHz. The IEEE scenario with one strong interferer we even have no capture 802.15.4a [1] proposal is an amendment to the 802.15.4 effect at all. specification. It will add an impulse-radio ultra-wide band (IR- Due to the complexity of the scenarios that we study, we UWB) physical layer [2] that could operate in several bands of do the performance evaluation through extensive simulations. 500 MHz (or 1.5 GHz) from approximately 3GHz to 10GHz. The code used for our simulations is readily available [5] . This physical layer should offer a better robustness against The remainder of this paper is organized as follows; in interference and multipath propagation channels, a higher data-Section II, we describe the receiver architecture that we conrate, and the possibility to perform ranging between devices. sider and give the necessary details about the IEEE 802.15.4a The IEEE 802.15.4a proposal allows for implementing either, physical layer to understand the results of the performance a coherent receiver (for instance, a Rake receiver), or a non-evaluation. In Section III, we first introduce the scenarios and coherent receiver (for instance, based on energy-detection).
parameters of the simulations. Then, we present the results Due to its relative low-complexity [3] an energy detection of our performance evaluation. Related work is presented in receiver is of interest for sensor network applications where Section IV. Finally, we conclude this paper in Section V. devices should be inexpensive and have extremely low power consumption. For a coherent Rake receiver a high sampling II. SYSTEM MODEL frequency is required in order to properly estimate the channel chracterstics 4]. Onthe cntrary an enrgy deectio
In this section, we describe the architecture of the receiver receiver might only need to estimate the channel power delay ta ecnie.W logv h eesr eal bu profile, can generally operate at a lower sampling frequency teIE 0.1.asadr oudrtn h efrac evaluation in Section III.
The work presented in this paper was supported (in part) by the National times, and by up-sampling by a factor L. The preamble code We repeat the obtained sequence G times to provide for is a ternary sequence of length 31. After that, a start frame some processing gain. We then correlate this template with delimiter (SFD) is added. The SFD is constructed in a similar the received signal r[i], and down-sample the result by a manner (see [1] for the details). The resulting sequence is then factor 16. Finally, we group the output of the correlation by amplitude modulated to produce the preamble signal. The main consecutive blocks of 31 elements ['ko [j] ,.... Z30 [j] ] and look differences with respect to the data signal are that (1) threshold Tcoarse can be analytically determined as a function of j2* We set Tcoarse such that the probability that a sequence consisting purely of noise exceeds Tcoarse iS smaller than a Fig. 1 . Architecture of the energy receiver. The antenna is followed by a certain threshold probability Pthid.
bandpass filter, a square device, and the integrator. The signal at the output Duigfnsycrizto,wimovthacrcyfte of the integrator is sampled every T seconds. Finally, a scalar product is ungfesycrnzto,wImovthacrcyfte computed between a block of NCh samples r[0],.r . and the synchronization point to obtain a timing accuracy in the order channel mask [mo. , mNCh1l] .
of the integration time T. This is achieved by correlating the The architecture of the energy-detector receiver is depicted received signal r[i] with a finer template and looking for the in Figure 1 ; the antenna is followed by a bandpass filter of start of the signal in the vicinity of the coarse synchronization bandwidth BF, a square device, and the integrator. The signal point. [7] Tcoarse. In the same averaging process, we also estimate the (With an RMS delay around 18 ns). received signal level contained in the channel mask.
In our simulations, we define the signal to noise ratio (SNR) Or 0dB; four users where the received power of the interferers is -3 dB codes (scenario B). A comparison of these two scenarios is no interference. Plain lines: "Destructive Collisions" and "Perfect Capture" shown in Figure 4 where it can be seen that the difference models. The performance is close to the "Destructive Collisions" model. iS surprisingly small. Looking at the percentage of packets
When analyzing packet errors, we observe that they occur missed during the synchronization phase (see Figure 5 ) confor two reasons: (1) a packet is missed during the synchro-firms that the receiver misses more packets in scenario A than A. We conclude that the packets additionally acquired by the Fig. 6. ( (b) to a huge performance improvement in terms of PER.
suggests that wrong timing acquisitions are due to the correlation properties
Another observation that may come as a surprise is the fact of the preamble codes. that even in scenario B, more than 50% of the missed packets are missed because of a FA (see Table III ). Let us classify FAs
In Figure 7 , we compare the PER shown in Figure 3 , with a into two categories:
PER obtained with a perfect synchronization and channel mask (1) The receiver acquires timing correctly but wrongly de-estimation algorithm; an oracle returns the exact beginning clares detection of the SFD. This can happen if noise of the packet of the user of interest. Hence, there are no or the signal of the interferer make the receiver exceed FAs or MDs. Besides, the estimation of the channel mask the SFD detection threshold even though the SFD of the assumes perfect synchronization and no MUI. Thus, Figure 7 user of interest is not present. allows for assessing whether the performance degradation is (2) Noise and interference lead the receiver to acquire a solely due to the synchronization phase or whether MUI also wrong timing and wrongly declare detection of an SFD. significantly affects the data decoding phase. Even code, the receiver still synchronizes with the interferer often.
It can also be observed in Figure 7 that the error-floor of the A reason for this behavior becomes apparent if we look at BER shows an increasing trend after 14 dB. Table IV shows the correlation between preamble codes. In Figure 6 (a), we that the average number of ones in the channel mask increases first show the correlation of preamble code 5 (the correlation proportionally with the SNR. A large number of ones in the template) with a periodic repetition of itself (representing the channel mask implies a higher likelihood of suffering from sequence of the user of interest) and secondly with a periodic MUI as we integrate a larger amount of the received signal.
repetition of preamble code 6 Figure 6 (b); the offsets with the largest number Fig. 7 in low traffic cases, the performance is severely degraded in interfering payload. The following analysis is done with the presence of MUI. One of the most appealing benefits of UWB, interferer having an equal received power but using a different namely its robustness to MUI and thus the possibility to allow preamble code than the user of interest. The SNR is 18 dB and parallel transmissions is completely annihilated by the energy A = 200 packet/s (PER shown in Figure 3 ). Our conclusions detection receiver. Both timing acquisition and data decoding are similar for other cases presented in this paper. Looking first are affected. For future work, it might be interesting to take at packets that are correctly acquired but incorrectly decoded, into account the CCA mode 5 and 6 [1] . We will also compare 91.3% of these packets have an overlap of more than 30% with our results with those obtained when using a realistic coherent an interfering payload. Moreover, 46.1% of these packets have receiver. Finally, we will explore the possibilities to mitigate no overlap at all with an interfering preamble. We conclude the effect of MUI, even with a low-complexity receiver. that errors in this case are mostly due to an interfering payload.
We then look at packets that are missed during the syn-VI. ACKNOWLEDGMENTS chronization phase. Table III, Figure 6 and the corresponding
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